12 United States Patent
OKkubayashi et al.

US010461672B2

US 10,461,672 B2
Oct. 29, 2019

(10) Patent No.:
45) Date of Patent:

(54)

(71)

(72)

(73)

(%)

(21)
(22)

(65)

(63)

(1)

(52)

(58)

ROTOR POSITION SENSING SYSTEM FOR
THREE PHASE MOTORS AND RELATED
METHODS

Applicant: SEMICONDUCTOR COMPONENTS
INDUSTRIES, LLC, Phoenix, AZ

(US)

Inventors: Masanori Okubayashi, Ota (JP);
Kazumasa Takai, Kakamigahara (JP)

Assignee: SEMICONDUCTOR COMPONENTS
INDUSTRIES, LLC, Phoenmix, AZ
(US)

Notice: Subject to any disclaimer, the term of this
patent 1s extended or adjusted under 35
U.S.C. 1534(b) by 0 days.

Appl. No.: 16/239,777

Filed: Jan. 4, 2019

Prior Publication Data

US 2019/0157996 Al May 23, 2019

Related U.S. Application Data

Continuation of application No. 15/689,062, filed on
Aug. 29, 2017, now Pat. No. 10,218,296.

Int. CL
HO2P 6/18 (2016.01)
HO2P 21/13 (2006.01)
(Continued)
U.S. CL
CPC .............. HO2P 6/183 (2013.01); HO2P 21/13

(2013.01); HO2P 21/18 (2016.02); HO2P 21/32
(2016.02)

Field of Classification Search

(56) References Cited
U.S. PATENT DOCUMENTS
7,084,598 B2* §/2006 Yoshida ............... B60H 1/3222
318/400.11
9,625,172 B2 4/2017 Sasaki
(Continued)
FOREIGN PATENT DOCUMENTS
JP 1994-113585 4/1994
JP 1995-177788 7/1995
(Continued)

OTHER PUBLICATTONS

Jett Wilson, “Industrial Motor Control Part 2: Introduction to ACIM
and PMSM Motor Control,” published online at least as early as Jul.
2009 by NXP/Freescale, available online at https://www.nxp.com/
files/training pdt/VFTF09_AZ 134 .pdf, last visited Jun. 16, 2016.

(Continued)

Primary Examiner — David Luo

(74) Attorney, Agent, or Firm — Adam R. Stephenson,
Ltd.

(57) ABSTRACT

Implementations of methods for sensing rotor positions of a
motor may include coupling a controller with a PMSM and
applying, using the controller, a plurality of vectors to the
PMSM, the plurality of vectors including a plurality of
dummy vectors and a plurality of measured vectors, wherein
at least one measured vector 1s applied quadrature to a
dummy vector from the plurality of dummy vectors imme-
diately preceding each measured vector. The method may
also include measuring, with a measurement circuit, a plu-
rality of values from a three-phase iverter coupled with the
PMSM, each value of the plurality of values corresponding
with one of the plurality of measured vectors, and calculat-
ing, with one or more logic elements coupled with the
PMSM, based on the plurality of values and using one or
more position algorithms, a position of a rotor of the PMSM

relative to a stator of the PMSM.

CPC ., HO2P 6/183; HO2P 21/18
(Continued) 20 Claims, 13 Drawing Sheets
42
44~ UH,|
Normal Drive Signal Processor Ji[;:.l[:
L. 6, ; HF‘lre- WL 3-Phase
3 3 dmrerl*] :! Inverter
Mes_p WL
Mode_sel ~46 36
Main State | Inductance  |TIM_cnt
Controller Measurement |« Rs 338
Signal Processor [35¢ ] [“H-M
Mes_sel l 48 |
. X
9 | J"J L Timer
est Rotor Positon |, i ——34 N5 e
Estimator Comgaraturt AMP|,
~ Imes 54 ]_
58 6 N ‘ ADC
52 ~40




US 10,461,672 B2
Page 2

(51) Inmt. CL
HO2P 21/18 (2016.01
HO2P 21/32 (2016.01
(58) Field of Classification Search
USPC e,
See application file for complete search history.
(56) References Cited
U.S. PATENT DOCUMENTS
2002/0113569 Al 8/2002 Iyima et al.
2004/0239285 Al 2/2004 Neuvonen
2010/0181952 Al 7/2010 Cheng
2012/0119687 Al 5/2012 Mural
2012/0181963 Al 7/2012 Wang
2013/0314009 Al 11/2013 Sanchez et al.
2014/0225548 Al 8/2014 Xu et al.
2014/0232311 Al 8/2014 Hill
FOREIGN PATENT DOCUMENTS
JP 2004-040943 2/2004
JP 2007-014074 1/2007
JP 2007-174721 A 7/2007
JP 2008-295113 A 12/2008
JP 2009-071926 4/2009
JP 2010-220416 9/2010
JP 2013-172511 9/2013
JP 2014-110675 6/2014
JP 2014-113054 6/2014

318/727, 34

OTHER PUBLICATIONS

NXP/Freescale, “PMSM Vector Control with Single-Shunt Current-
Sensing Using MCS56F8013/23 Design Reference Manual,” pub-
lished online at least as early as Apr. 2008 by NXP/Freescale,

available online at http://cache.nxp.com/files/microcontrollers/doc/

ref_manual/DRM102.pdf, last visited Jun. 16, 2016.

Shigeo Morimoto, Keisuke Kawamoto, Masayuki Sanada, Yoji
Takeda, “Sensorless Control Strategy for Salient-Pole PMSM Based
on Extended EMF 1n Rotating Reference Frame,” IEEE Transac-
tions on Industry Applications, vol. 38, No. 4, Jul./Aug. 2002, p.
1054-1061, available online at http://www.masters.dgtu.donetsk.ua/
2014/ ett/1zvekov/library/article9.pdf, last visited Jun. 16, 2016.
NXP/Freescale, “Sensorless PMSM Field-Oriented Control,” pub-
lished online at least as early as Jun. 22, 2016 by NXP/Freescale,
available online at http://cache.nxp.com/files/microcontrollers/doc/
ref_manual/DRM148.pdf, last visited Jun. 22, 2016.
NXP/Freescale, “Three-Phase PMSM Sensorless FOC using
MC56F82748 and MC56F84789 with Automated Motor Parameter
Identification,” published online by NXP/Freescale at least as early
as Jun. 22, 2016, available online at http://cache nxp.com/files/dsp/
doc/app_note/AN5014.pdf, last visited Jun. 22, 2016.
NXP/Freescale, “3-Phase Sensorless BLDC Motor Control Using
MCI9S08MP16,” published online by NXP/Freescale at least as
carly as Jun. 22, 2016, available online at http://cache. nxp.com/
tiles/microcontrollers/doc/ref_ manual/DRM 117 .pdf, last visited Jun.
22, 2016.

NXP/Freescale, “PMSM and BLDC Sensorless Motor Control
using the 56F8013 Device,” published online by NXP/Freescale at
least as early as Jun. 22, 2016, available online at http://cache.nxp.
com/files/dsp/doc/ref_manual/DRMO77.pdf, last visited Jun. 22,
2016.

* cited by examiner



U.S. Patent Oct. 29, 2019 Sheet 1 of 13 US 10.461.672 B2

-
T
T -
- T
L] -
T

-
T
-
L
'r
-
-
-
T r r T
- T
T T T
- -
- e
T
- -
-
T
- -
-
-
-
-
-
-
-
-
-
- - -
T T r T T T
- T T T > T T
- - -
-
L
T
-
L3
T
-
-
-
B
g
-
-
- -
-
-
- -
T
T -
T - v
T T T T T
-
-
L
-
-
-
L
g
L]
T
- -
LI L r T
r T
- -

FIG. 1



US 10,461,672 B2

e (0

WS R O B B D R gy e
G M MGACR O MG M MY wy -

™ E——
JOWE O WO ¥ 0RO e
AW W AR T AR W R
I W R 3 R O

-
L= ]

F
—..I—.L—.l
3
2 FFI FF>FS"F*F? FFFFTFFTFFFFE® FF>FFID FYFF2FFFFTFFEFAFT" FFFEFEAFFE>FSY FFIFFEIFFEFTFFAFE FFIFFE>FSA9 FTFFE?FEDFETFILTFI FFAFFEFEAFFE>FYS FFFFETFFRFAFFEFFEFES FEFEIFEAFSFTFI FFIFFTFIFFIFFEFDFFAFFE>FSFFEFEIFFET FDIFEDIF
r.ﬂ—.._—.r.-1rl1-.;—.rn—.-.--1l-r-.-—.-.-rl_r-.ln—.-.-H—..-l =1 Le1 w1 b e rewsresrktbaler e re1 b1 s densres bssgleasrlassas =1 1l s L mag Lo r e ruesalesala r o eus1lmn "4 Le LLalsrsrlkirasas [ | "1 e 51 b ag vEr s ls ras1 s s rasa [ ]
) 3
Ik F
Tr

4 = = = m = == o= omm o= omop == ko= ko dod o= ko= omeomomeomomommomomm o= o= o= o= o=

ﬂii#ﬁ#lmﬁﬂ

o
-

£ RN W GHCNCE by CNENC e

i
@
m
»
!
@
;
..
i
@
m
»
!

imnm*m;ﬂm*mnm*m

W RS Wy R e L L T I ;“i W R AR

Sheet 2 of 13
%
'
;
¢
;
;

-

=

T

CH A MORONE G MSAD £ NCRGE- B DO £ MO 3 MGNOF Dk MG M wnwamrwawumam

R B R W AR T R O -TRRR R TR W TR W

i
j
i
i
i
m
i
w
i
i

-

Oct. 29, 2019
s i 3 s a4 M 4 s A 2 420 6 e 3k 0 8 20 e 2 0 e 8

EBEE B A R BEEE B EE N EEE N AR D REE FCENR R REE B AR R RBEE B EEF D LR

e W OO O Ew W TR R
ALY A L e LY i RO e DY O

-

IR
Tr T
T

- T
4 4 UL L L p LAy S d e d oL dmd oy P dommp == o=k bd ddd bkdd bk ommomommomt d == omom ko= dd St d e omomdd L d ot e omt d Ll oy mm o= d =t d ol d Ao om d A d o d oo d ok oy = ==

Twm TT R
FIRE]

T

U.S. Patent



U.S. Patent Oct. 29, 2019 Sheet 3 of 13 US 10.461.672 B2

-
1
T,
o

L]

u
L
Y
Iy
.
-
i,
-
-
Ly n
"
]
- J
a
= -
r -
- -
- - -
e .. Iy -

- =TT ETTR

-



U.S. Patent Oct. 29, 2019 Sheet 4 of 13 US 10,461,672 B2

- o
e
[

ol Layanald bbb i s s el alt il L Lkt L s s ) L e anan e ek L a abandanananl andatananti agankati) Lt L L Ll L kol ikl ke b bt e b i s Ak At o A Al kel bl b e e el A L ke b L s ik i el AP N,
.......................................................................................................................................................................................

FIG.5
M(8)
Quadrature
M(1)
_» Measurement
| Vector

Quadrature
Vector

FIG. 6



US 10,461,672 B2

Sheet 5 of 13

Oct. 29, 2019

U.S. Patent

L Ol

I 85

I0JBWNS T
UOHISOH J010M

rrrrrrrrrrrrrrrrrrrrrrrr

85 S8

| 10SS00) [eubig | |
b MEWE@L 3@@@%& 7 S— h@SQ&wC@O
SoUEINPU| - 2Jels UIE

[8S PO |

rrrrrrrrrrrrrrrrrrrrrrrrr



U.S. Patent Oct. 29, 2019 Sheet 6 of 13 US 10,461,672 B2

UL

..................

imeS "1::

FiG. 8




0L Old

US 10,461,672 B2

I8JIBALUON

E1E(]
| N | uonnguisiq |
1) | Xnid onaubeyy |
L] seuwyseuw

» Jojesedwon) |

Sheet 7 of 13

Oct. 29, 2019

IBUBAU]
aseld-¢

U.S. Patent

J0SS800. 1BUBIS 8ALI(] [BULION



US 10,461,672 B2

Sheet 8 of 13

Oct. 29, 2019

U.S. Patent

1WIE

a For kb r k1l aa ¢ FrF Frdaor F rl I 74 3 r FFrl a1 aFrFFrilJgarfFFrfFrdasngrFFrl ladrere b Frl FadbkrbFrbFrJdsp FFrFrdasarbFbFrel FrdeoscbFFrl FaawerFFrlaarbFrFFrdassrFFrFrlsar b Frl Faaan | d ar F rF rl a3 ¢ FrFFrdaar FFrl I 11ns TN B P I T T

JOIBUWINS T

Lo coaa@a Ewom

4 b & & b ) |7 8 L L b L L | 47 8 L B L b L4 Jd 8 L b B L L LT J L 8 L ELELETTE LB L L 7 47 F L ®@ L L L7 J4 @ L L B L L LT Jd LB L L L LT E LB L L M 4713 L EE L LJdJ B B L b L E LT 4L B L L

R

JUSLIBINSESY
soueNpyY|

18Jj0U0D
9lelS UIe

08

10853301 _mc@mm AT [ELION 1. A




US 10,461,672 B2

Sheet 9 of 13

Oct. 29, 2019

U.S. Patent

AR E

jossso0d ||
mmmm_m UBLIBINSEB} e
mugﬁu%m_ | IBljoSu0n) 81BIS LB

85 OO

IBURAU]

Ty
aSEUA-C |

10858004d [BUDIS SAL(] [BULION

171




U.S. Patent Oct. 29, 2019 Sheet 10 of 13 US 10.461.672 B2

Dummy measurement with quadrature vector |
| corresponding to M(1) vector = or M(11} veclor |

L

r o4 o4 F
4 L
d om

4 4 4 m
4 4 T 4 rF 44
[t ]

;. Measurement

- a4 od -k koA kR Rk

o om
-
-
L]
-
il o e G o ol L' o o " Ly - . el a0 v v w ooy s sl e N ek Ty Ly i Lhi ey ey ey = L' ey v e i, v ) Hy Ly o bl " a o o

Dummy measurement with quadrature vector
orresponding to M(2} vector = or M(12) vector

r = TT s TETTERTTTTTATTE TTETCrPETTTTAANTAETTATYT TTATTE YT AETYTTITETT S TT®ETTET®NTETT A TTETTTTATTSETTAAITCIATETT S TTETTETT1ITAETTETTETETTETTETTETTOITEATTAYTTETTAOATETTE TTETTETTOTTERTTAETTATETTET
rFrTTTTATTAITTATT “TATTAFTTAFTT-TTTTATTCATT-OTTTTATTFATTCACTT-TI1ITTATTATTTITTATTITYITATT - TTTTAIATITTATTAATTTITTTTYTTATTATT-STTTITAITTITTYT-STTTTAAITTATTCATTSTTTTATTFCATT-oTATTITTFAFTTETTTTATTCATTECETT

= *TTTTTBERTTITTITTTTETTYTITTATTTTAETTITT AT T TTTTTATT A TY A TT TTA YT T TTATT TTT TTA YT AT T TT TT®H TTATTArTT TTATTAEATYTTOATTTTATTAEATTAATT TTTTTAETTATT A YTT TTRETTATTATTTTTTTETTATT TTT TTAETTATTATTTT

~ Measurement v{Z) with M(2) vector

v [ ORI ] e o et 3 C- L e -l Sl s el et Tk i [ [ AT L T T Ty 0y et S e L
A TETTATTITTTAETTT T TT A TTATT TT A TTATTAETT TTT TTATT A TT TTT TTT TYTATTAYTT TTT TTATTTTT TTYATTT TTAYTTTY
- - . - - -

L J 1

4

4

L Jd

Dummy measurement with quadrature vector
corresponding fo vector = M(7) or M{10) vector |

4 .
'
N I N N R R N N I N N L R )

2T

= r o m koA gy =k ey o= gdg by mrr oy =y m rr ey rrr oy b da by rrrrr= kg o oad = T rhkd mphky g yrda rd ey g =l gy rpdamdd gy e gy Tt s T rr= =7 dag oy pddopda
N - - . - Py N N - . N N .. N N P P T " T " . g i i P I i . " T N P N N N i - A
- =
T
-
.
-
- Ll
T .
-
d d d r
g -
a4
-
u Ll
= r
rTTTEFTTTTTTTTTTFET T T TTTTTT FTTTTTTTFTT FTTTTTTTTTTTTT T TTTTTTFTTFETTEFTTTTFFTTTTTTTTTTFFTTFETTEFETTTTTTTFFTTEFETTTTTTTFTTEFETTTTTTTFFETT FTT TTTTTTTTTTTETTTTTTTTTTETTTTTTTTTT ETT TT
[ e T e T e e e R T o S T e e B e R i I T T T e e T e T R Il I W) 4 d ok d M Lok oY F oy KA KA oy ook g lod g pogplodopd ploddifodoplodop M popohkooy FoAogp o= Pod o dom b p oo bkodkopodko= oo g o bkodog ok ifodogpd gopd di oy odopyo g oA

£}
= ra3TrFrA3=>=9pr17=-r1=r1==19pF=1F1=r11=F==19=pf3=r3==13rFr=3r1=-r1=r1=11F1=FrFr1=F1==9F=19F11=F1==9=939FTrFr1=F1=F1F1=F1=Ff1=F1==9pF1=F1=pr1==19=93pr3=r31=r11=-11°Fr=1r1=rfr1=11F=1F1=F1=F1°F=1310r1=F171=7r =

Dummy measurement with quadrature vector |
corresponding to M{4) vector = or M{11) vector |

r - =--
a

4

T -
r o

Measurement v{(5) with M(5) vector

= s rT®"TT®ITTOATAIALTETTTETTTERTT ATEFTEPTTA TTATA T YA TFTEYTAAATEAAYSETTS YT AT A ATE T TE YT TAYTT R TAFTATT®E TTATTAFTE YT TYS TA A TEETA R F TP TATY AT TTYS P TEYTATTAETEOTTR OTOTOR T T®m rTw® s TWTTEIATAFETEFTAETTATEASTE TT B
| T T AT T T T YT =TT TT®TTT TTTTT TTATTTTTTETYTYT=TTr T YT = T TTATTTTT TYTTATY TTYYT T Y= AT T T TTYT AT TTATY T YT T YT AFTT YT TT T YT AT T TN YT T T AT TT®TT YT FTT TT T TT T TE~ T TTTTTYT =TT TTTT
- P - N - P - - . - - - N - - . A . - - - - - N - - - - - P - - - - - - . - - - - - - - - - - - - N - -

' aummy,measurement with quadrature vector g?
- corresponding to M(6) vector = or M(10) vector |

rTTFrTTAIT=TTATW® P T
a a poa - - =k oa o

T TAm TTATT R - T T = T T
a - - - 4 x [T R Y

T TT P TT T rTTTTFPTTEFE TTETT AT R
T T - - -

rTTFrTTrT=-17TCrTTCrPTTEIETTTTFETTEOTT OFOT
F q & 4 &2 p & = aoa -

- T T - T rTTPFrPT=-TTrTTCrTTFrETTTTAD=CT
a R T R T I T Tl S T o A S 4 a [T A R T T e R I R T I

- T T
P 4= e o=

4 g ok

Measurement v{6) with M({b) vector

F T T TT =TT P T®PFETT TTT TTOTT P TT FTT TTATT I TT ETT TTT TTAMTT AT TFETATTOATT A TTATT TTATT =TT PFTT TTOATTATTATTTTe=TTATTATTFETTTT= TTOATTETTTT=TTFETTITTTT=TTEATTATTET=STTATTATTATTTTATY
Lv L L ULV ua L o S T L4 UL v L T T T gL L L L o T T O T o T T T T T T ™ Ll d LU T o o T T e T TS T S L T T

- T TTCFrTTFrTTTTATTFrFRTYTIETTFETAATTTT TFTT®ATT TTFPTTYT I TTAETT TTT TOTLETT L
[ - [ T - - - R i T e T i o T TS

K



U.S. Patent Oct. 29, 2019 Sheet 11 of 13 US 10,461,672 B2

( Measurement start )

T
aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

Dummy measurement wath quadraiure vector
| corresponding to M(1) vector = M(8) or M(11) vector §

Veasuremert 1) with M(1) vector

Measurement v(8) or y(11) with M(8) or M(11)
vecior

Measurement y(8)} or y(’% 1} with M(8) or M({11)
vector

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

- Dummy measurement with quadrature vector |
- corresponding to M{2) vector = M(9) or M(12) vector |

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

 corresponding to M(3) vector = ‘E(‘Y) or M(10) vector |




U.S. Patent Oct. 29, 2019 Sheet 12 of 13 US 10,461,672 B2

NS_Margin without Dummy Current Vectlor

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

3 n 3 r
L I I N L T O L e T O I O I e I L I I I I L L e O O L e R I e e I e N N N N |
- r

rlaldra1l sl raalrrrérsarardalrrarl e draa

0.91 ;
0.74
S 0.6
§§ 0,5“
z 04
0.3 "
0.2
0.1
0

120 180 240 300 360
Mechanical Angle [deg

G. 15

argin with Dummy Current Vector

=1 401 4

Ld el v rdrlarard1l1vrarl

gin

il _
rara 1l arrrl sl 4 w11l n

4
F . B
CRE]

NS Mar

3~ B3 L e L OO0 0 00 D

sl abtarlslararl sl arsrasald

N N A D B T R |

I’ 14 &1 a1 v 1461 111

r

120 180 240 300 360
Mechanical Angle [deg

FiG. 16



U.S. Patent Oct. 29, 2019 Sheet 13 of 13 US 10,461,672 B2

Estimation Angle- Actual Angle
without Bummy Current Vector

LI
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 111 r=1rFrrFrrFr1 =7 %q =pF=pF 7T pF==®=®=/73m=2:19 77 7 = = F "= = = ==m=®=®z®m:zm = = === = =FFTT " = === F === == FTTTTTTTTTTTTT

.
.
-
B
-
.
-
B
i
-
-
-
.
-
-
-
-
.
-
v
-
.
-
v
-
X N
-
v
-
X .
-
3 v
-
.
-
-
-
1
-
-
-
v
-
-
-
9 -
-
"
-
N "
-
-
-
N -
-
.
-
N i
-
-
i
-
-
i
-
-
. -
-
-
d -. -
-
-
-
-
- .
-
-
. -
-
-
-
-
-
. A
B
-
. .
-
-
-
-
-
.
B
"
"
B
"
. A
B
"
-
-
"
-
"
-
-
-
-
-
-
-
"
-
"
-
"
145 W -
N
-
"
-
N
-
"
-
N
-
-
-
i
' -
-
-
N
-
"
-
.
N
-
B
-
-
= R -
-
-
.
B
Iy F
-
r
-
a
.
B
a
-
-
-
-
r
-
.
-
-
-
-
-
-
-. -
-
-
- T
. .
-
I -
- 4T
70 b
- ]
3 B
- e
v 1+ N
- [
2 Tan -
- A
- - - -
a7 -
- e
T
- v
Ragn
- -
N
-
-
-
-
.
-
-
N
""""
aTaTeTaTa T
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
LT T e e [ . e e e e e e e e T e e e e T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T e e e e e e T
—

120 180 240 300 360
Rotor Angle Position in MechanicalAngie{deg

G. 17

imation Angle- Actual Angle
ith Dummy Current Vector

E £

- F
: AARIY
: PN 3
- AP wRaey
- LT T -
_ i H_.-,.‘ﬁ: N
. ,.'-.;::’:" :
- - .
- Ty X
- ey .
- SENRE :
T :5-1’:"' :
M _ :":ii'_:- :
o : !
- l-ﬂ- 7 "_}l'r' b
- ,::i:'-.:i:g-‘if‘ >
m _ La:‘-:.r' . -
- - T *
.- | : S S
o .:h'?'ﬁ?l:"" ’
AR - o
: AT
o :
R e .
: PRRGY :
- AR AR ,
- _-\_‘;_ a4 h
- : & -
S : &5 :
. P -
hd : T ‘
Lo M ‘;I" 1-; _._.' :
- : i -
- o T
AT =
= — & :
. ;"-';:::-‘E" :
§ - O W T
-: 1'5{75‘__1&1?'}'. i T
s o :
M - W -
; . '*.;‘.'5." T
m : ek .
g ;
R T
m g :
F i :
N :
R AR -
L R T
Al - T
" :-:_1_-;‘-1:.:‘ :
. 1:;51!:.:: .
g
: P :
- il
: "-_‘rl:»:' -

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
=" = === = =g = dd === === === === === T TTTTTTTTTTTTTTTTTTTTTTTTTTTTT =kt oy r T T T T TN T T T T TTTTTYTTTTTOCS S A ddddd e == = - -

60 120 180 240 300 360
Rotor Angle Position in MechanicalAngledeg

G. 18



US 10,461,672 B2

1

ROTOR POSITION SENSING SYSTEM FOR
THREE PHASE MOTORS AND RELATED
METHODS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of the earlier U.S.
Utility Patent Application to Okubayashi et al entitled
“Rotor Position Sensing System for Three Phase Motors and
Related Methods,” application Ser. No. 15/689,062, filed

Aug. 29, 2017, now pending.
BACKGROUND

1. Technical Field

Aspects of this document relate generally to three-phase
motors. Specific implementations involve permanent mag-
net synchronous motors (PMSMSs). More specific implemen-

tations 1nvolve methods used to detect the rotor position of
a PMSM.

2. Background

Three-phase power systems use three conductors each
carrving alternating current. The currents have the same
frequencies and amplitudes but are each one-third out of
phase relative to the other two. The phase difference results
in a voltage peak on each conductor one third of a cycle after
the voltage peak on another conductor (and so on), which
ellect may be used to product a rotating magnetic field 1n a
motor. Permanent magnet synchronous motors (PMSMs)

exist which utilize such a rotating magnetic field, including
surface PMSMs (SPMSMs) and interior/internal PMSMs

(IPMSMs).

SUMMARY

Implementations of methods for sensing rotor positions of
a motor may include coupling a controller with a three phase
permanent magnet synchronous motor (PMSM) and apply-
ing, using the controller, a plurality of current vectors to the
PMSM, the plurality of current vectors including a plurality
of dummy current vectors and a plurality of measured
current vectors, wherein at least one measured current vector
1s applied quadrature to a dummy current vector from the
plurality of dummy current vectors immediately preceding,
cach measured current vector. The method may also include
measuring, with a measurement circuit, a plurality of values
from a three-phase mverter coupled with the PMSM, each
value of the plurality of values corresponding with one of the
plurality of measured current vectors, and calculating, with
one or more logic elements coupled with the PMSM, based
on the plurality of values and using one or more position
algorithms, a position of a rotor of the PMSM relative to a
stator of the PMSM.

Implementations of methods for sensing rotor positions of

a motor may include one, all, or any of the following;:
The PMSM may be one of a star configuration PMSM and

a delta configuration PMSM.

The PMSM may include one of a surface permanent
magnet synchronous motor (SPMSM) and an interior per-
manent magnet synchronous motor (IPMSM).

The plurality of measured current vectors may include six
different current vectors.
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The plurality of dummy current vectors may include six
dummy vectors.

The plurality of measured current vectors may include
twelve diflerent current vectors.

The plurality of dummy current vectors may include three
dummy vectors.

The one or more position algorithms may include one of

[N ‘w
Z —sin(2a; ) y;
—1| =1
fan
2, —cos(2a;)y;
i=1
\ /
and
[N ‘w
> sin(2as)y,
—1] =1
fan
N
2, cos(Za;)y;
=1

\ /

wherein each «, mcludes a value between 0 and 2m and
wherein each y, includes one of the measured values.

Implementations of methods for sensing rotor positions of
a motor may include coupling a controller and one of a timer
and an analog-to-digital converter (ADC) with a three phase
permanent magnet synchronous motor (PMSM) and apply-
ing, using the controller, a plurality of current vectors to the
PMSM, the plurality of current vectors including a plurality
of dummy current vectors and a plurality of measured
current vectors, wherein at least one measured current vector
1s applied quadrature to a dummy current vector from the
plurality of dummy current vectors immediately preceding
cach measured current vector. The method may also include
measuring, with the one of the timer and the ADC, a
plurality of values from a three-phase inverter coupled with
the PMSM, each value of the plurality of values correspond-
ing with one of the plurality of measured current vectors and
including one of a current value corresponding with an
inductance of the PMSM and a time value corresponding
with an inductance of the PMSM, and calculating, with one
or more logic elements coupled with the PMSM, based on
the plurality of values and using one or more position
algorithms, a position of a rotor of the PMSM relative to a
stator of the PMSM. The one or more logic elements may be
configured to calculate the position of the rotor when the
rotor 1s 1n a stopped configuration and when the rotor 1s 1n
a rotating configuration, and the one or more logic elements
may be configured to calculate a position of a rotor of a
PMSM that 1s not controlled using vector control.

Implementations of methods for sensing rotor positions of
a motor may include one, all, or any of the following;:

The one or more position algorithms may include one of

( N )

Z —s1n(2a;)y;

—1| =1
N
—cos(2a;)y,

i=1
\ /

tan

and
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-continued

{ N )

> sin(2as)y,

—1| =1

N
>, cos(Za;)y;
i=1

\ /

tan

wherein each «, includes a value between 0 and 2x and
wherein each y, includes one of the measured values.

The plurality of values may be measured using one or
more elements coupled with one or more shunt resistors that
are coupled with the three-phase 1nverter.

The method may further include coupling the timer with
the PMSM and toggling the timer between a start configu-
ration and a stop configuration using a signal processor in

response to an input from a comparator.

The method may include coupling the ADC with the
PMSM, converting an analog signal from the three-phase
iverter to a digital signal using the ADC, and communi-
cating the digital signal from the ADC to the one or more
logic elements.

The plurality of dummy vectors may include one of six
dummy vectors and three dummy vectors.

Implementations of methods for sensing rotor positions of
a motor may include coupling a controller with a three phase
permanent magnet synchronous motor (PMSM) and apply-
ing, using the controller, a plurality of current vectors to the
PMSM, the plurality of current vectors including at least
three dummy current vectors and at least six measured
current vectors, wherein each dummy current vector 1is
applied quadrature to a measured current vector immediately
before each measured current vector 1s applied. The method
may also include measuring, with a measurement circuit, a
plurality of values from a three-phase inverter coupled with
the PMSM, each value of the plurality of values correspond-
ing with one of the plurality of measured current vectors,
and calculating, with one or more logic elements coupled
with the PMSM, based on the plurality of values and using,
one or more position algorithms, a position of a rotor of the
PMSM relative to a stator of the PMSM.

Implementations of methods for sensing rotor positions of
a motor may include one, all, or any of the following:

The method may include coupling one or more shunt
resistors with the logic elements and the three-phase
inverter.

The one or more logic elements may be configured to
calculate a position of a rotor of a PMSM that i1s controlled
using vector control.

The one or more position algorithms may include one of

( N )
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wherein each o, includes a value between 0 and 27 and
wherein each y, includes one of the measured values.

The PMSM may be one of a SPMSM and an IPMSM.
The plurality of dummy vectors may include one of six
dummy vectors and three dummy vectors.

The foregoing and other aspects, features, and advantages

will be apparent to those artisans of ordinary skill 1n the art
from the DESCRIPTION and DRAWINGS, and from the

CLAIMS.

BRIEF DESCRIPTION OF THE DRAWINGS

Implementations will hereinaiter be described in conjunc-
tion with the appended drawings, where like designations
denote like elements, and:

FIG. 1 1s a representation of the relation between possible
measurement vectors and the rotor position of a permanent
magnetic synchronous motor (PMSM);

FIG. 2 1s a chart with measured data resulting from the
measurement vectors of FIG. 1;

FIG. 3 1s a representation of the generation of residual
magnetic flux 1n a stator core of a three phase PMSM;

FIG. 4 1s a representation of a hysteresis loop formed by
residual magnetic tlux;

FIG. § 1s a chart 1llustrating measured inductance data of
a rotor with and without residual magnetic flux;

FIG. 6 1s a representation of the relationship between a
first current vector and two quadrature current vectors and
the rotor position of a PMSM;

FIG. 7 1s a block diagram representatively illustrating
clements of a first implementation of a system for sensing
rotor position of a motor;

FIG. 8 1s a diagram representatively illustrating elements
of an implementation of a three-phase inverter and a shunt
resistor coupled therewith;

FIG. 9 1s a diagram representatively illustrating elements
of an implementation of a three-phase inverter and three
shunt resistors coupled therewith;

FIG. 10 1s the diagram of FIG. 7 illustrating an arrange-
ment of logic elements;

FIG. 11 1s a block diagram representatively illustrating
clements of a second implementation of a system for sensing
rotor position of a motor;

FIG. 12 1s the diagram of FIG. 11 with a particular
implementation of an arrangement of logic elements;

FIG. 13 1s a process tlow for applying current vectors and
measuring values to determine the rotor position of a PMSM
using six measured current vectors;

FIG. 14 1s a process tlow for applying current vectors and
measuring values to determine the rotor position of a PMSM
using twelve measured current vectors;

FIG. 15 1s a chart showing the NS_Margin, shown 1n Eq.
1, associated with a conventional method for determining
the rotor position of a PMSM;

FIG. 16 1s a chart showing the NS_Margin, shown in Eq.
1, associated with the current method for determining the
rotor position of a PMSM;

FIG. 17 1s a chart illustrating the relation between the
estimated position and the actual position of a PMSM
without using a method with dummy current vectors; and

FIG. 18 1s a chart illustrating the relation between the
estimated position and the actual position of a PMSM using
a method with dummy current vectors.

DESCRIPTION

This disclosure, its aspects and implementations, are not
limited to the specific components, assembly procedures or
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method elements disclosed herein. Many additional compo-
nents, assembly procedures and/or method elements known
in the art consistent with the intended system and methods
for detecting rotor position of a permanent magnetic syn-
chronous motor (PMSM) will become apparent for use with
particular implementations from this disclosure. Accord-
ingly, for example, although particular implementations are
disclosed, such implementations and implementing compo-
nents may comprise any shape, size, style, type, model,
version, measurement, concentration, material, quantity,
method element, step, and/or the like as 1s known 1n the art
for such systems and methods for detecting rotor position of
a PMSM, and immplementing components and methods,
consistent with the intended operation and methods.

In various implementations, elements of the system and
methods used to detect rotor position of a PMSM disclosed
herein may be similar to or include any of the elements of
the systems and methods disclosed 1n U.S. patent application
Ser. No. 15/2135,425 to Takai, entitled “Rotor Position Sens-
ing System For Three Phase Motors And Related Methods,”
filed on Jul. 20, 2016; U.S. patent application Ser. No.
15/219,021 to Takai, entitled “Rotor Position Sensing Sys-
tem for Three Phase Motors and Related Methods,” filed on
Jul. 25, 2016; and U.S. patent application Ser. No. 15/382,
160 to Okubayashi, entitled “Rotor Position Sensing System
for Permanent Magnet Synchronous Motors and Related
Methods,” filed on Dec. 16, 2016; the disclosures of each of
which are hereby incorporated entirely herein by reference.

As explained in these previously filed applications, rotor
position of a PMSM can be determined by applying a
plurality of voltage vectors to a PMSM. A PMSM, as used
in this disclosure, may indicate a surface PMSM (SPMSM),
an interior PMSM (IPSM), a star configuration PMSM,
and/or a delta configuration PMSM. A plurality of measure-
ments are acquired corresponding with the voltage vectors
that were applied to the PMSM. Based on the measurements,
the rotor position of a PMSM may be determined.

Referring to FIG. 1, a representation of the relation
between possible measurement vectors and the rotor posi-
tion of a PMSM 1s 1llustrated. A magnetic rotor 2 has a north
pole and a south pole. In the implementation illustrated by
FIG. 1, twelve different measurement vectors, or current
vectors M(1)-M(12) are mapped against the three phase
PMSM, with current vector M(12) corresponding to the
north pole of magnetic rotor 2. Due to the relationship
between voltage and current, the measurement vectors may
be either current vectors or voltage vectors. One of ordinary
skill in the art would understand the relationship between
current and voltage and would understand how to replace
current vectors with voltage vectors in the implementations
disclosed herein using the principles disclosed herein.

Referring to FIG. 2, a chart with measured data resulting
from the measurement vectors of FIG. 1 1s shown. The chart
in FIG. 2 charts the relation of the inductance L and the
clectrical angle ® of the current vectors M(1)-M(12) of FIG.
1. Data points y(7)-y(12) respectively correspond to vectors
M(7)-M(12). As shown in FIG. 2, the current vector most
closely aligned with the north pole (M12) corresponds to the
data point with the lowest inductance y(12). Similarly, the
current vector most closely aligned with the south pole M(9)
corresponds to the data point with the second lowest induc-
tance y(9). While the inductances corresponding with M(12)
and M(9) might be similar, the vector most closely aligned
with the north pole corresponds to the data point with the
lowest inductance. The margin between the inductance of
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the vector corresponding to the north pole and the vector
corresponding to the south pole may be calculated using Eq.

1:

NS_Margm=(¥(12)-p(9))/(y(7)-1(12)}

where y(7) 1s the biggest data point mn FIG. 2, y(12) 1s the
smallest data point 1n FIGS. 2, and y(9) 1s the data point 180
degrees out of phase to the smallest data point y(12) in FIG.
2. As can be understood by FIG. 2 and Eq. 1, the smaller the
NS_Margin, the more likely 1t 1s to mistake the vector
corresponding to the south pole of the rotor with the vector
corresponding to the north pole of the rotor.

The likelihood of mistaking the vector corresponding to
the south pole of the rotor with the vector corresponding to
the north pole of the rotor (or data point y(9) having a lower
inductance than data point y(12)) 1s exacerbated with inter-
fering magnetic flux. Referring to FIG. 3, a representation of
the generation of residual magnetic flux in a stator core of a
three phase PMSM 1s 1llustrated. When a current flows 1n a
stator 8, residual magnetic flux 10 1s generated 1n the stator
core 12. A vector 14 associated with the residual magnetic
flux 10 exists which 1s different from the vector of the
current originally applied to the stator 8. The generation of
residual magnetic flux forms a hysteresis loop, as 1llustrated
by FIG. 4. The magnetic tflux density 1s represented by
vertical axis B with a magnetizing force represented by
horizontal axis H. After a magnetizing force has been
applied and 1s then reduced back to zero, there remains a
residual magnetic flux density 16. This residual magnetic
flux density can result 1n incorrect measured inductance data

that may also vary temporally depending on the time induc-
tance measurements are taken.

Similar to the hysteresis loop of FIG. 4, FIG. 5, 15 a chart
illustrating measured inductance data of a rotor with and
without residual magnetic flux. In this illustration, the w axis
represents magnetic flux and the I axis represents stator
current. The chart illustrates rotor magnetic tlux 18 alone
and rotor magnetic flux combined with residual magnetic
flux 20. As the two curves approach a saturation point 22,
there 1s little difference between the magnetic flux of the
rotor 18 and the magnetic flux of the rotor combined with
any residual magnetic tlux 20. However, the total amount of
magnetic flux can vary significantly depending upon the
stator current. In this 1llustration, 1. represents a specific
vector current. The total magnetic flux 24 at I . 1s noticeably
more than just the magnetic flux 26 of the rotor at 1.
Because inductance L 1s a function of magnetic flux and
current, the inductance L of a rotor alone varies from the
inductance L, of a rotor influenced by residual magnetic
flux. This variation can be 1illustrated by Egs. 2-4:

Eq. 1

&l;bﬂ Eq. 2
L.=

Al

Ayr Eq. 3
L =

Al
Lt: ¥ Lr Eq 4

In various implementations, 1f a first current vector 1s
applied just prior to applying a second current vector which
will be measured and 1s quadrature to the first current vector,
the effect of the residual magnetic flux felt by the second
current vector can become virtually zero with regards to the
cllect the residual magnetic flux has on measurements of the
second current vector. Referring to FIG. 6, a representation
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of the relationship between a first current vector and two
quadrature current vectors and the rotor position of a PMSM
1s 1llustrated. Thus, according to FIG. 6, 11 quadrature vector
M(8) or M(11) 1s applied just prior to applying measurement
vector M(1), the measured inductance of vector M(1) will
not be substantially aflected by residual magnetic flux. In
vartous 1mplementations, the quadrature vector applied
betfore the measured vector may be another measured vector
or may be a dummy vector that 1s never used to collect
current vector measurements (measured).

Referring to FIG. 7, a block diagram representatively
illustrating elements of a first implementation of a system
for sensing rotor position of a motor 1s illustrated. In various
implementations, a method for detecting the rotor position
of a PMSM may include coupling a controller with a three
phase PMSM 30 having a rotor 32 and a stator 34. The
method may also include coupling a three-phase imnverter 36
with the PMSM 30 that receives UH, VH, WH, UL, VL, and
WL signals from a pre-driver. The three-phase inverter may,
by non-limiting example, have the configuration shown of
three-phase 1iverter of FIG. 8, where the UH signal controls
switch Q1H, VH signal controls switch Q2H, WH signal
controls switch (Q3H, UL signal controls switch Q1L, VL
signal controls switch Q2L, and WL signal controls switch
Q3L to output three phase power to lines which are coupled
with the PMSM. The method includes coupling a three-
phase inverter with voltage VM and coupling a shunt resistor
38 (labeled Rs) as part of system.

The switches of three-phase mverter may be controlled,
such as by the main-state controller controlling the normal
drive signal processor and/or the inductance measurement
signal processor, to accomplish applying a desired current
vector to the PMSM. For example, if the uv current vector
1s needed, Q1H and Q2L may be turned on and all other
switches turned off, so that the current shown as an Rs
voltage corresponds to the uv current vector. The switches
may be otherwise changed as desired to apply the wu, wv,
uw, vw, and vu current vectors and measure the resulting
currents as an Rs voltage from the PMSM.

Method implementations may include applying a plurality
of current vectors using the controller to the PMSM, while
in other method implementations, a plurality of voltage
vectors may be applied to the PMSM 1nstead. The plurality
of current vectors may include both measured current vec-
tors and dummy current vectors. In various 1mplementa-
tions, the number of measured current vectors may be 6
vectors, 12 vectors, 24 vectors, or more than 24 vectors. In
various implementations, each measured current vector may
have a vector quadrature to the measured current vector
applied to the PMSM 30 immediately prior to the measured
current vector being applied. The quadrature vector may be
another measured vector or may be a dummy vector. In
vartous method implementations, at least one of the mea-
sured current vectors 1s applied quadrature to a dummy
vector which immediately precedes the measured vector.

Referring back to FIG. 7, the method may include cou-
pling two lines on either side of Rs to an amplifier (AMP)
40. A normal drive signal processor 1s used to control the
pre-driver, but the method may include coupling a multi-
plexer 42 between the normal drive signal processor 44 and
the pre-driver 46 so as to receive signals from the normal
drive signal processor and from an inductance measurement
signal processor 48. The multiplexer 42 1s controlled by a
controller 28 which also may communicate with the normal
drive signal processor 44. Accordingly, in order to determine
the position of the rotor of the PMSM, the controller 28 may
alter the 1input of the pre-driver 46 using multiplexer 42 so
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that inputs from inductance measurement signal processor
48 are used to generate current vectors using the pre-driver
46.

The method may include measuring with a measurement
circuit a plurality of values from the three phase inverter 36
coupled to the PMSM 30. The measurement circuit may
include one or more elements coupled with one or more
shunt resistors that are coupled with the three phase inverter.
In various implementations, the measurement circuit may
include a timer 350, an analog-to-digital converter (ADC) 52,
or both a timer and an ADC. Each value may correspond
with a measured current vector and may include either a
current value corresponding with an inductance of the
PMSM or a time value corresponding with an inductance of
the PMSM. More specifically, each time a current vector 1s
applied a signal will be received by AMP 40. In implemen-
tations this signal will be amplified by AMP 40 and passed
on so that one signal will be passed to comparator 54 and
another to the ADC 52. In other implementations the signal
could be passed only to the comparator 54 or only to the
ADC 52. The comparator 34 1s communicatively/operably
coupled with a timer 50 and the timer 1s communicatively
coupled with multiplexer 56. The ADC 52 1s communica-
tively coupled with multiplexer 36 and 1s also communica-
tively coupled with the normal drive signal processor 44.

The method also includes calculating, with one or more
logic elements coupled to the PMSM, based on the plurality
of values from the three phase inverter 36 and using one or
more position algorithms, a position of a rotor of the PMSM
relative to a stator of the PMSM. The one or more logic
clements are included 1n the rotor position estimator 58 of
FIG. 7. The rotor position estimator 58 1s coupled with
multiplexer 56 and with the normal drive signal processor 44
and 1s used to determine the rotor position. Either a time
measurement (ITmes) method or a current measurement
(Imes) method could be used to determine rotor position. If
the Tmes method 1s used, then the timer i1s used i1n the
process. For example, the signal processor 48 may cause the
timer 50 to start when a current vector 1s mitialized (or, in
other implementations, may cause the timer to start when the
current reaches a first level as communicated to the signal
processor 48 from the comparator 54. When the current
reaches an Ic level (some predetermined current level) as
communicated from the comparator to the signal processor
48, then the timer 50 may be caused to stop by the signal
processor 48 (though 1n other implementations one or more
signals from the comparator to the timer may be used to
directly start and/or stop the timer). In this way, the method
includes measuring, in conjunction with each current vector,
the time 1 which the current reaches a specified current
level. This may be used to determine inductance of the
PMSM, which may in turn be used, together with one or
more algorithms, to determine rotor position.

Reterring to FIG. 10, the diagram of FIG. 7 illustrating an
arrangement of logic elements 1s 1llustrated. The implemen-
tation 1llustrated by FIG. 10 1s an example of an arrangement
of logic elements that may be used to carry out the various
calculations. In various implementations, the logic elements
may be configured to calculate the position of the rotor when
the rotor 1s 1 a stopped configuration, while in other
implementations, the logic elements may be configured to
calculate the position of the rotor when the rotor i1s 1n a
rotating configuration. The logic elements may be config-
ured to calculate a position of a rotor of a PMSM that 1s or
1s not controlled using vector control. U.S. patent applica-
tion Ser. No. 15/215,425, the disclosure of which was

previously incorporated herein by reference, discloses the
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specific operation of the logic elements that may be included
in various system implementations disclosed herein.
The logic elements may use one or more position algo-

rithms to calculate the position of a rotor. In various 1mple-
mentations, the position algorithms may be Eq. 5 or Eq. 6:

( N “~ Eq. 5
Z _5111(2&51 )yz
—1] =1
fan
N
_Z —cos(2a;)y;
kI:l /
(N ) Eq. 6
Zsin@m)yi
—1] =1
fan

wherein each a, includes a value between 0 and 27 and
wherein each y, includes one of the measured values. U.S.
patent application Ser. No. 15/215,425, the entirety of which
was previously incorporated herein by reference, discloses
the specific derivations of Eq. 5 and Eq. 6 that are used to
create these position algorithms.

Referring to FIG. 11, a block diagram representatively
illustrating components of a second implementation of a
system for sensing rotor position of a motor 1s 1llustrated.
The system of FIG. 11, and the corresponding method of
using the system of FIG. 11 to determine the rotor position
of a three phase PMSM, 1s similar to the system of FIG. 7
and the associated method of FIG. 7. A difference 1s that
rather than including a single shunt resistor Rs and a single
AMP 1n the system, the method associated with FIG. 11
includes a plurality of shunt resistors 58 and a plurality of
AMPs 60. In various implementations, the plurality of shunt
resistors includes three resistors. This 1s further illustrated in
FIG. 9, which 1s a diagram representatively illustrating
clements of an implementation of a three-phase inverter and
three shunt resistors coupled therewith. The method may
include the AMPs receiving signals from the three-phase
inverter. Multiplexer 62 receives signals from AMP 64 and
AMP 66 and forwards one of these to multiplexer 68, while
the outputs from AMPs 64 and 66 are also both communi-
cated to stated hold element (S/H) 70/analog multiplexer
(AMUX) 72. The output from AMP 74 1s communicated to
multiplexer 68 and also to S/H 70/AMUX 72. The output
from S/H 70/AMUX 72 1s forwarded to ADC 76. The
CMP_out signal 1s forwarded to both the inductance mea-
surement signal processor 78 and to the main state controller
80. The Ph_sel signal 1s used to control the S/H 70, AMUX
72, multiplexer 68 and multiplexer 62. The system of FIG.
11 1s thus used for rotor position measurement or calculation
ol the rotor position of a PMSM.

Referring to FIG. 12, the diagram of FIG. 11 with a
particular implementation of an arrangement ol logic ele-
ments 1s illustrated. U.S. Patent Application No. 15/215,425,
the entirety of which was previously incorporated herein by
reference, discloses the specific functions of each logic
clement that carry out the operation of the position algo-
rithms along with further explanation on the function of the
system depicted in FIG. 11. As with other systems and
methods disclosed herein, the method associated with FIGS.
11 and 12 includes the logic elements using position algo-
rithms to determine the position of the rotor of a PMSM. In
various implementations, the position algorithms may be the

algorithms of Eq. 5 or Eq. 6.
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Reterring to FIG. 13, a process flow for applying current
vectors and measuring values to determine the rotor position
of a PMSM using six measured current vectors 1s 1llustrated.
The process illustrated 1n FIG. 13 may be used by the system
depicted by FIG. 7, FIG. 11, or other system implementa-
tions. The current vectors in FIG. 13 correspond to the
current vectors 1 FIG. 1, and the measurements depicted 1n
FIG. 13 correspond to the data values depicted in FIG. 2. In
various implementations, the M(8) or M(11) vector may be
applied as a dummy vector quadrature to the M(1) vector.
The M(1) vector may then be applied and the y(1) measure-
ment corresponding with the M(1) vector may be taken. The
M(9) or M(12) vector may then be applied as a dummy
vector quadrature to the M(2) vector. The M(2) vector may
then be applied and the y(2) measurement corresponding
with the M(2) vector may be taken. The M(7) or M(10)
vector may then be applied as a dummy vector quadrature to
the M(3) vector. The M(3) vector may then be applied and
the yv(3) measurement corresponding with the M(3) vector
may be taken. The M(8) or M(11) vector may then be
applied as a dummy vector quadrature to the M(4) vector.
The M(4) vector may then be applied and the y(4) measure-
ment corresponding with the M(4) vector may be taken. The
M(9) or M(12) vector may then be applied as a dummy
vector quadrature to the M(5) vector. The M(3) vector may
then be applied and the y(5) measurement corresponding
with the M(S) vector may be taken. The M(7) or M(10)
vector may then be applied as a dummy vector quadrature to
the M(6) vector. The M(6) vector may then be applied and
the y(6) measurement corresponding with the M(6) vector
may be taken. In this implementation, six dummy vectors
were used. In other implementations, however, there may be
more or less than six dummy vectors used.

Referring to FIG. 14, a process flow for applying current
vectors and measuring values to determine the rotor position
of a PMSM using twelve measured current vectors 1is
illustrated. Like FIG. 13, the process illustrated 1in FIG. 14
may be used by system implementations like those illus-
trated 1n FIG. 7, FIG. 11, or other system implementations.
The current vectors 1n FIG. 14 correspond to the current
vectors 1n FIG. 1, and the measurements depicted 1n FIG. 14
correspond to the data values depicted 1n FIG. 2. In various
implementations, the M(8) or M(11) vector may be applied
as a dummy vector quadrature to the M(1) vector. The M(1)
vector may then be applied and the y(1) measurement
corresponding with the M(1) vector may be taken. The M(8)
or M(11) vector may then be applied and the y(8) or y(11)
measurements corresponding to the M(8) or M(11) vector
may be taken. There 1s no need to apply a dummy current
preceding applying the M(8) or M(11) vectors because the
measurement vector M(1) was already quadrature to M(8) or
M(11). The M(4) vector may then be applied and the y(4)
measurement corresponding to the M(4) vector may be
taken. There 1s no need to apply a dummy current preceding
applying the M(4) vector because the measurement vector
M(8) or M(11) was already quadrature to M(4). The M(8) or
M(11) vector may then be applied (depending on which
vector was applied earlier) and the yv(8) or y(11) measure-
ments corresponding to the M(8) or M(11) vector may be
taken. There 1s no need to apply a dummy current preceding
applying the M(8) or M(11) vectors because the measure-
ment vector M(4) was already quadrature to M(8) or M(11).
The M(9) or M(12) vector may then be applied as a dummy
vector quadrature to the M(2) vector. The M(2) vector may
then be applied and the y(2) measurement corresponding
with the M(2) vector may be taken. The M(9) or M(12)

vector may then be applied and the y(9) or y(12) measure-
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ments corresponding to the M(9) or M(12) vector may be
taken. There 1s no need to apply a dummy current preceding
applying the M(9) or M(12) vectors because the measure-
ment vector M(2) was already quadrature to M(9) or M(12).
The M(5) vector may then be applied and the y(5) measure-
ment corresponding to the M(5) vector may be taken. There
1s no need to apply a dummy current preceding applying the
M(S) vector because the measurement vector M(9) or M(12)
was already quadrature to M(5). The M(9) or M(12) vector
may then be applied (depending on which vector was
applied earlier) and the y(9) or y(12) measurements corre-
sponding to the M(9) or M(12) vector may be taken. There
1s no need to apply a dummy current preceding applying the
M(9) or M(12) vectors because the measurement vector
M(3) was already quadrature to M(9) or M(12). The M(7) or
M(10) vector may then be applied as a dummy vector
quadrature to the M(3) vector. The M(3) vector may then be
applied and the y(3) measurement corresponding with the
M(3) vector may be taken. The M(7) or M(10) vector may
then be applied and the y(7) or y(10) measurements corre-
sponding to the M(7) or M(10) vector may be taken. There
1s no need to apply a dummy current preceding applying the
M(7) or M(10) vectors because the measurement vector
M(3) was already quadrature to M(7) or M(10). The M(6)
vector may then be applied and the y(6) measurement
corresponding to the M(6) vector may be taken. There 1s no
need to apply a dummy current preceding applying the M(6)
vector because the measurement vector M(7) or M(10) was
already quadrature to M(6). The M(7) or M(10) vector may
then be applied (depending on which vector was applied
carlier) and the y(7) or y(10) measurements corresponding
to the M(7) or M(10) vector may be taken. There 1s no need
to apply a dummy current preceding applying the M(7) or
M(10) vectors because the measurement vector M(6) was
already quadrature to M(7) or M(10). In this implementa-
tion, only three dummy vectors were used. In other 1mple-
mentations, more or less than three dummy vectors may be
used. Further, 1in other implementations, the order 1n which
specific current vectors may be applied to the PMSM may
vary from what 1s disclosed in FIG. 13 and FIG. 14 while
still following the principle that every measured current
vector has a current vector quadrature to the measured
current vector applied to the PMSM i1mmediately before
cach measured current vector.

Referring to FIG. 15, a chart showing the NS_Margin,
shown 1n Eq. 1, associated with a method for determining
the rotor position of a PMSM without using dummy vectors
1s shown. As indicated by the key associated with FIG. 15,
the margin between the measurements indicating the north
and south pole of the rotor when no dummy current vectors
(or other quadrature measurement vectors) are applied 1s
0.16. Due to this small margin, the likelithood of mistaking
the actual rotor position by 180 degrees 1s high.

In contrast to this, FIG. 16 1s a chart showing the
NS_Margin, shown 1n Eq. 1, associated with the method for
determining the rotor position of a PMSM using dummy
vectors 1s shown. As indicated by the key associated with
FIG. 16, the margin between the measurements indicating
the north and the south pole of the rotor when dummy
current vectors (or other quadrature measurement vectors)
are applied 1s 0.32, twice the amount of the minimum margin
of FIG. 15. Due to the increase in margin, the likelihood of
mistaking the rotor position by 180 degrees 1s significantly
decreased.

This difference 1s further 1llustrated 1n FIGS. 17 and 18.
Referring to FI1G. 17, a chart illustrating the relation between
the estimated position and the actual position of a rotor of a
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PMSM without using a method with dummy current vectors
1s shown. A first area of error 86 arises when trying to
distinguish between the current vectors corresponding to the
north pole and the south pole of the rotor. Similarly, 180
degrees from the first area of error 86, a second area of error
88 arises when trying to distinguish between the current
vectors corresponding to the north pole and the south pole of
the rotor. As seen 1n FIG. 17, a high error rate exists when
distinguishing between the current vectors corresponding to
the north pole and the south pole of the rotor as these vectors
have a minimum difference 1 inductance due to the eflects
of the residual magnetic flux.

Contrary to this, FIG. 18, which shows a chart 1llustrating,
the relation between the estimated position and the actual
position of a PMSM using a method with dummy current
vectors, does not have any error areas. This 1s because the
minimum inductance margin difference between the current
vectors corresponding to the north pole and the south pole of
the rotor 1s greater due to the elimination of the effects of the
residual magnetic flux.

In places where the description above refers to particular
implementations of systems for detecting rotor position of a
PMSM and implementing components, sub-components,
methods and sub-methods, 1t should be readily apparent that
a number of modifications may be made without departing
from the spirit thereof and that these implementations,
implementing components, sub-components, methods and
sub-methods may be applied to other systems and methods
for detecting rotor position of a PMSM.

What 1s claimed 1s:

1. A method for sensing rotor position ol a motor, the
method comprising:

applying, using a controller configured to be coupled with

a motor, a plurality of current vectors to the motor, the
plurality of current vectors comprising a plurality of
dummy current vectors and a plurality of measured
current vectors, wherein at least one of the plurality of
measured current vectors 1s applied quadrature to a
dummy current vector from the plurality of dummy
current vectors preceding each measured current vec-
tor;

measuring, with a measurement circuit, a plurality of

values corresponding with one of the plurality of mea-
sured current vectors; and

calculating, based on the plurality of values and using one

or more position algorithms, a position of a rotor of the
motor.

2. The method of claim 1, wherein the motor 1s a three
phase permanent magnet synchronous motor (PMSM) and
the PMSM 1s one of a star configuration PMSM and a delta
configuration PMSM.

3. The method of claim 2, wherein the PMSM comprises
one of a surface permanent magnet synchronous motor
(SPMSM) and an interior permanent magnet synchronous
motor (IPMSM).

4. The method of claam 1, wherein the plurality of
measured current vectors comprise six different current
vectors.

5. The method of claim 4, wherein the plurality of dummy
current vectors comprise six dummy vectors.

6. The method of claam 1, wheremn the plurality of
measured current vectors comprise twelve different current
vectors.

7. The method of claim 6, wherein the plurality of dummy
current vectors comprise three dummy vectors.

8. The method of claim 1, wherein the one or more
position algorithms includes one of
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herein each o, includes a value between 0 and 27 and

herein each vy, includes one of the measured values.

9. A method for sensing rotor position, the method com-

prising;:

coupling a controller and one of a timer and an analog-
to-digital converter (ADC) with a three phase perma-
nent magnet synchronous motor (PMSM);

applying, using the controller coupled with the PMSM, a
plurality of current vectors to the PMSM, the plurality
of current vectors comprising a plurality of dummy
current vectors and a plurality of measured current
vectors, wherein at least one measured current vector 1s
applied quadrature to a dummy current vector from the
plurality of dummy current vectors preceding each
measured current vector;

measuring, with the one of the timer and the ADC, a
plurality of values from a three-phase mverter coupled
with the PMSM, each value of the plurality of values
corresponding with one of the plurality of measured
current vectors and comprising one of a current value
corresponding with an inductance of the PMSM and a
time value corresponding with an inductance of the
PMSM, and;

calculating, with one or more logic elements coupled with
the PMSM, based on the plurality of values and using

£

one or more position algorithms, a position of a rotor of

the PMSM relative to a stator of the PMSM;

wherein the one or more logic elements are configured to
calculate the position of the rotor when the rotor 1s 1n
a stopped configuration and when the rotor i1s 1n a
rotating configuration, and;

wherein the one or more logic elements are configured to
calculate a position of a rotor of a PMSM that 1s not
controlled using vector control.

10. The method of claim 9, wherein the one or more

position algorithms includes one of
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wherein each o includes a value between 0 and 2m and
wherein each y, includes one of the measured values.

11. The method of claim 9, wherein the plurality of values
are measured using one or more elements coupled with one
or more shunt resistors that are coupled with the three-phase
inverter.

12. The method of claim 9, further comprising coupling
the timer with the PMSM and toggling the timer between a
start configuration and a stop configuration using a signal
processor in response to an mmput from a comparator.

13. The method of claim 9, further comprising coupling
the ADC with the PMSM, converting an analog signal from
the three-phase mverter to a digital signal using the ADC,
and communicating the digital signal from the ADC to the
one or more logic elements.

14. The method of claim 9, wherein the plurality of
dummy vectors comprise one of six dummy vectors and
three dummy vectors.

15. A method for sensing rotor position of a motor, the
method comprising:

applying, using a controller configured to couple with a

motor, a plurality of current vectors to the motor, the
plurality of current vectors comprising at least three
dummy current vectors and at least s1x measured cur-
rent vectors, wherein each dummy current vector 1s
applied quadrature to a measured current vector before
cach measured current vector 1s applied;

measuring, with a measurement circuit, a plurality of

values from a three-phase inverter coupled with the
motor, each value of the plurality of values correspond-
ing with one of the plurality of measured current
vectors, and;

calculating, with one or more logic elements coupled with

the motor, based on the plurality of values and using
one or more position algorithms, a position of a rotor of
the motor relative to a stator of the motor.

16. The method of claim 15, further comprising coupling
one or more shunt resistors with the logic elements and the
three-phase inverter.

17. The method of claim 15, wherein the one or more
logic elements are configured to calculate a position of a
rotor of a motor that 1s controlled using vector control.

18. The method of claim 15, wherein the one or more
position algorithms includes one of

( N )
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1l =1
tan
—cos(2a;)y;
=1
\ /
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(N 3
> sin(2as)y,
—1] =1
tan
N
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=

\ /

wherein each o, includes a value between 0 and 2w and
wherein each vy, mncludes one of the measured values.

19. The method of claim 15, wherein the motor 1s a three
phase permanent magnet synchronous motor (PMSM) and
the PMSM comprises one of surface permanent magnet
synchronous motor (SPMSM) and an interior permanent

magnet synchronous motor (IPMSM).
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20. The method of claim 15, wherein the plurality of
dummy vectors comprise one of six dummy vectors and
three dummy vectors.

G e x Gx ex

16



	Front Page
	Drawings
	Specification
	Claims

